Abstract-The VErtex LOcator (VELO) of the LHCb detector is going to be replaced in the context of a major upgrade of the experiment planned for 2019-2020. The upgraded VELO is a silicon pixel detector, designed to withstand a radiation dose up to 8 × 10 15 1 MeV neq cm −2 , with the additional challenge of a highly nonuniform radiation exposure. A wide range of sensor prototypes has been tested in beam using the Timepix3 telescope to compare the key performance figures of the different prototypes. Detailed studies of the assemblies are performed using the precise particle tracking and timestamp information provided by the telescope. The performance of the Timepix3 telescope and the testbeam results are presented.
I. INTRODUCTION
The LHCb detector [1] will be upgraded [2] during the long shutdown of the LHC in 2019-2020 in order to increase the precision on key observables which are now statistically limited, and to extend the reach of the detector to a new range of physics signatures. The instantaneous luminosity will increase by a factor five with respect to the current one and the experiment is expected to collect an integrated luminosity of 50 fb −1 by the end of Run IV (2030). The main change to the detector consists of the removal of the hardware trigger: the experiment will be read out at 40 MHz, the bunch crossing rate of the LHC, and the trigger is fully software-based, with no further offline processing and signal classification performed at the trigger level. In order to comply with the challenging conditions of the upgrade, the majority of the readout electronics and data acquisition system must be upgraded and some subdetectors fully replaced. This is the case for the VErtex LOcator (VELO) [3] , which plays a fundamental role in LHCb as it surrounds the proton-proton collision point. The VELO is dedicated to the reconstruction of primary and secondary vertices and is part of the tracking system. While the mechanical structure is analogous to the current one, two movable halves which close when the beams are stable, the technology changes from silicon strips to hybrid pixel detectors. As shown in Figure 1 , each VELO half has 26 modules and each module has two sensor tiles on the front and two on the back in a L shape geometry, mounted on both sides of a 400 µm thick cooling substrate. Each sensor is bump-E. Dall'Occo (elena.dall'occo@cern.ch) is with the Nikhef National Institute for Subatomic Physics, Amsterdam, The Netherlands.
bonded to three VeloPix chips [4] , custom developed for the VELO upgrade. 
II. PROTOTYPE SENSORS
The upgrade of the detector brings challenges in terms of data rate and occupancy, but the most compelling aspect from the perspective of sensor R&D is the nonuniform radiation exposure. As shown in Figure 2 , the innermost region of the sensor is highly irradiated, while the outermost region is less irradiated, by a factor from 40 to 120 depending on the distance along the beam axis with respect to the collision point. Despite the difference in irradiation, both parts of the sensor must sustain the same bias voltage without breaking down. At the end of lifetime the hottest part of the sensor is exposed to a fluence of 8 × 10 15 1 MeV n eq /cm 2 . The sensors are therefore required to withstand a bias voltage of 1000 V in order to provide sufficient signal after the high irradiation. The charge collected must be higher than 6000 electrons, to mitigate the effect of timewalk, and the efficiency higher than 99% to reduce the risk of missing the first measure point, which dominates the impact parameter resolution. More than 30 different assemblies have been tested in order to assess the best candidate for the VELO upgrade. Two different manufacturers, Hamamatsu (HPK) and Micron, provided sensors of different bulk types (n-on-p and n-on-n), thickness, implant width and guard ring size. The prototypes tested can be distinguished in three families, whose characteristics are summarised in Table I . Since the radiation tolerance is a key factor in the sensor R&D, all the assemblies have been 
III. TIMEPIX3 TELESCOPE
The Timepix3 telescope ( Figure 3 ) is a high rate, data-driven beam telescope originally built to test the prototype sensors for the LHCb VELO upgrade, but also employed by other users due to its excellent performance. The telescope comprises two arms of four planes each, where each plane is rotated by about 9
• around the x and y axes to optimise the resolution, adopting a global right-handed coordinate system where the z direction is along the beam axis and the y directions points upwards. Each plane consists of a 300 µm thick p-on-n sensor bump bonded to a Timepix3 ASIC, which is read out by the Speedy PIxel Detector Readout (SPIDR) [6] board, specifically designed for the readout of Medipix3 and Timepix3 chips at the maximum rate. Each SPIDR board reads out two planes in parallel for a total of four boards. An additional board is dedicated to the Device Under Test (DUT). The eight telescope planes are synchronised by a central logic unit (TLU) which provides a clock, as well as a signal to synchronise the time counters and a shutter signal to synchronise the start and stop of the data flow. The DUT is placed in the middle of telescope, on a remotely controlled motion stage which can translate in x and y directions and rotates about the y axis. The central stage is provided with a vacuum box in order to test irradiated devices at high voltage. The DUT cooling system consists of a combination of a chiller and a Peltier element. The Timepix3 telescope is operated in a 180 GeV mixed hadron beam (protons and pions) at the CERN SPS. The telescope provides a fast and robust pattern recognition and track reconstruction. After the telescope planes are time aligned to account for the time of flight of the particles and difference in cabling and electronics, the measured intrinsic resolution of each plane is ∼ 1.1 ns in the standard operation condition where the telescope bias is 150 V.
A. Spatial Resolution
The unbiased resolution per plane, obtained by excluding the plane from the pattern recognition, is about 5 µm both in x and y directions, after a track based alignment procedure is performed. The quality of the alignment can be observed in Figure 4 , which shows the unbiased residuals as a function of the y position of track. The residual variation across the beamspot is less than 0.2 µm and the width is very stable. An important figure of merit for a telescope is the pointing resolution, which is the precision of the track position extrapolated to the DUT position and is evaluated from simulation. The resolution as function of z is shown in Figure 5 : the blue band represents the predicted pointing resolution, which is less than 2 µm at the DUT position (pink band). The simulation is validated by comparing the residuals of the telescope planes from data (red markers) and simulation (green markers). 
B. High Rate
The track reconstruction efficiency of the telescope has been evaluated by gradually increasing the particle rate from 0.2 to 5 MTracks cm −2 s −1 , which is the maximum rate possible at the H8 beamline at the SPS. No significant dependence of the fraction of nonassociated clusters on the rate is observed (Figure 6 ), hence the telescope efficiency does not significantly degrade up to the maximum rate probed.
IV. SENSOR CHARACTERISATION
Many different aspects of the sensors have been tested in order to select the best candidate for the VELO upgrade. In the following Figures, a color code is employed to distinguish between the three families of sensors: green for HPK n-on-p, blue for Micron n-on-p and purple for Micron n-on-n.
A. HV Tolerance
The sensors must withstand a bias voltage up to a 1000 V at the end of lifetime of the experiment in both the most and least irradiated part. Of particular interest is therefore to test the different prototypes after being irradiated with a nonuniform irradiation profile such as the one from the IRRAD proton beam shown in Figure 7 , reconstructed combining the activity map of the assembly after irradiation and the dosimetry measurement provided by the facility. Figure 8 shows the leakage current as a function of the bias voltage for sensors irradiated at a fluence < 10 15 1 MeV n eq /cm 2 at a temperature of −22
• C (the two green lines that show lower leakage current) and at full fluence at the temperature of −34
• C. No breakdown is observed up to the maximum voltage tested for any of the sensors. 
B. Charge Collection
A crucial quantity to evaluate the performance of the sensors is the charge collected before and after irradiation. The sensors must collect more than 6000 electrons after the full dose of radiation. The measured ToT is converted into charge via a calibration procedure using test pulses. Before irradiation the sensor is fully depleted, and hence the charge saturates between 100-110 V for HPK and less than 40 V for Micron assemblies. The Most Probable Value (MPV) of the charge distribution is shown as a function of the bias voltage for sensors uniformly neutron irradiated to full fluence at JSI, see Figure 9 . The MPV has been obtained from a fit to the cluster charge distribution with a Landau function convoluted with a Gaussian. Sensors from all the families of prototypes meet the specification at a bias between 700 and 800 V. whilst manintaining a good cluster finding e ciency. The range of voltages in which the sensors collect 6000 electrons ranges between 600 V and 800 V. The thinner sensors achieve this before the thicker sensors. This is because for the same voltage, the electric field in the thinner detector is higher. This leads to higher charge carrier velocities and thus higher induced signals and less trapping. These e↵ects all lead to larger collected signals.
Annealing
Three of the JSI irradiated assemblies were annealed in a controlled situation for 80 minutes at 60 C. 
C. Efficiency
The cluster finding efficiency is required to be higher than 99% everywhere in the sensor. The efficiency is evaluated as the fraction of tracks with an associated cluster on the DUT with respect to the total number of tracks measured by the telescope. Nonirradiated assemblies are fully efficient over the entire pixel cell. Assemblies irradiated at full fluence meet the efficiency requirement at 1000 V, but start to show inefficiencies at the pixel corners at lower applied bias voltages which lead to a lower average efficiency over the sensor (Figure 10 ).
D. Resolution
The spatial resolution has been evaluated both before and after irradiation in two different readout modes, analog and binary (Figure 11 ). In the analog mode the charge collected is used to reconstruct the cluster position with the technique known as Center of Gravity method. In the binary mode the charge information is not used, in order to mimic the conditions of the operations of the detector since the VeloPix has binary readout. The resolution, defined as the width of a gaussian fit to the difference between the cluster and track position, is studied as a function of the angle of the track with respect to the sensor. Before irradiation, in the analog mode, the resolution improves the track angle, reaching a minimum at ∼ 16 degrees for a 200 µm thick sensor, as expected from thickness and pixel pitch. The optimal resolution with analog readout corresponds to the angle where the fraction of two pixel cluster is the highest because it maximises the charge sharing, and corresponds to the worse resolution in the binary case. After irradiation at full fluence, the resolution is degraded and there is not a significant difference between the two modes since one-pixel clusters dominate.
E. Behaviour at the Edge
During operations of the detector in the experiment the edge is the closest part to the interaction region, as shown in Figure 2 , and hence it is where the occupancy is the highest. Therefore, it is particularly important to monitor the behaviour at the edge of the sensor. The sensors must be fully efficient up to the edge and any distortion of the electric field must be avoided as that would lead to a degradation of spatial resolution. The prototype sensors have different guard ring designs, in order to gradually reduce the electric field towards the edge of the sensors. Using the information provided by telescope, the charge can be studied as a function of the track position on the DUT. Figure 12 shows the MPV of the charge distribution as a function of the distance from the edge of the pixel matrix for the three families of sensors under investigation. The solid line represents the edge of the pixel matrix, while the dashed line the border between pixels. The expected behaviour is to collect charge from tracks traversing the pixel matrix, but not from tracks passing through the guard ring area. Among all the nonirradiated prototypes tested, two types exhibit an unexpected behaviour at the edge. For the Micron n-on-p, it is evident that additional charge is collected in the last pixel column from tracks traversing the guard ring area. This leads to about 30% more hits in the last pixel column than the neighbouring pixels when the sensor is fully depleted and perpendicular to the beam. The Micron n-on-n with 250 µm guard ring does not collect the full charge in the last pixel. Both effects can be attributed to different guard ring designs which lead to a tilted boundary between the collection region of the guard ring and the collection region of the pixel matrix: for the Micron n-on-p charge is gained from the guard ring region and for the Micron n-on-n with 250 µm guard rings charge is lost from the last pixel to the guard ring area. After irradiation this effect is strongly reduced.
V. GRAZING ANGLES
The grazing angle method is one of the few methods to perform depletion depth measurements and investigate the evolution of the charge collection profile as a function of depth. The grazing angle technique consists of rotating the sensor almost parallel (83-89 degrees) to the beam, such that the tracks traverse multiple adjacent pixels. The position of each pixel hit within the cluster can then be associated to the depth traversed by the track, such that charge collection and time required to cross the threshold, referred to as timeto-threshold, can be studied as a function of depth. The charge collected is measured by performing a fit of the charge distribution at a given depth with a Landau curve convoluted with a Gaussian. The time-to-threshold of a hit is obtained by subtracting the time the track intercepts the DUT from the hit time. Figure 13 shows these two observables as a function of depth for a 200 µm thick HPK sensor, where 0 µm depth corresponds to the pixel electrodes and 200 µm depth to the backplane. For a nonirradiated sensor and bias voltage above depletion the charge collected is constant for the full thickness of the sensor and is compatible with the value of a minimum ionizing particle crossing a 200 µm thick silicon sensor at 85
• . At bias voltages lower than 120 V the sensor is partially depleted and the charge linearly drops at the border between depleted and nondepleted areas. The charge is collected for about 20 µm in depth from the border of the depleted area. This is an effect known as charge migration: if charge is liberated in the nondepleted area, but close enough to the depleted one, it can reach the depleted area by diffusion and then drift. The diffusion time gives an additional contribution to the time needed to cross the threshold, which otherwise, for a fully depleted sensor, is shorter than 10 ns. For sensors uniformly neutron irradiated at JSI at full fluence, both the profiles of the collected charge and time-to-threshold as a function of depth are significantly different. Despite the higher bias voltage applied, there is a overall signal reduction and the sensor does not reach full depletion. Also evident is the effect of charge trapping: not all the charge collected at a given depth is collected, hence the charge decreases with the distance from the electrodes. Due to the lower charge collected, the effect of timewalk dominates the time-to-threshold profile. The impact of radiation damage is further investigated at different fluences by studying devices that were nonuniformly irradiated at full fluence. From Figure 14 , it can be seen that at low voltage the charge is collected only up to ∼ 90 µm deep from the electrodes and it decreases as a function of fluence. Increasing the bias voltage, the charge collected at a certain depth is higher and charge is collected from deeper in the sensor, up to ∼ 170 µm depth at 1000 V.
VI. CONCLUSION
The Timepix3 telescope has excellent performance: it has been able to reconstruct up to 5 million tracks/ cm 2 / s without a loss of performance and the error on reconstructed tracks at the DUT position is on the order of 2 µm. Owing to the excellent performance of the Timepix3 telescope, a variety of studies has been performed to compare the different prototypes for the VELO upgrade, before and after irradiation. Moreover, the evolution of the charge collection profile at different depths has been investigated using the grazing angle technique. 
